and myosin-2 were concentrated just inside this array, To label cortical microtubules in living samples, we microinjected oocytes with 100 nM (final) Oregon Greenin a region flanked by microtubule ends ( Figures 1A and  1B) . Quantification showed that microtubule ends were 488 taxol (OG-Tax). This probe binds to microtubules specifically, but with lower affinity than unlabeled taxol more than four times as abundant at wound edges than in regions greater than 10 m distal to the wounds (4.5 Ϯ
[28], and has been successfully used for following the reorganization of spindle microtubules during mitosis in 0.8; mean Ϯ SEM; p Ͻ 0.5). OG-tax-injected oocytes were laser wounded and imwere manifest as side-to-side alignment or overlap and end-to-end contact (Figures 2C and 2D ; Movies 4-6). In aged by time-lapse, confocal microscopy as previously described [24] . Microtubules reorganized into a radial samples where the packing of actin cables and microtubules was not too dense, the leading ends of microtuarray after wounding, at least in part because they translocated to the wound border ( Figures 1C, 1D were transported by F-actin. First, of those microtubules displaying bends as they move, 89% bent away from Microtubules moved at a mean rate of 2.68 m/min (Table 1) , predominantly parallel to their long axes (87% the direction of flow at points where contact with F-actin terminated or where they made contact with a second, out of 3304 microtubules observed; see also Figures 1C and 1E; Movies 1 and 2). However, some (13%) microtuadjacent actin cable ( Figure 3A) . Second, F-actin often associated in an end-on manner with two or more microbules translocated toward wounds in a bent manner ( Figure 1F ), demonstrating that movement was via transtubules that splayed out behind as if being dragged by the F-actin aggregate ( Figure 3B ; Movie 7). Third, location rather than treadmilling (e.g., [30]). It was also found that, upon reaching the edge of the wound, micromicrotubules near the wound edge buckled and broke when F-actin associated with their trailing ends moved tubules buckled and kinked ( Figure 1G ). more quickly than the F-actin associated with their leading ends ( Figure 3C ; Movie 8). Fourth, the degree of Microtubules Are Transported via Association F-actin microtubule colocalization observed in the rewith F-Actin Cables gion of transport was significantly higher than would be To test whether microtubule translocation was actin deexpected based on colocalization resulting from tighter pendent, we wounded oocytes and then treated them packing of the two polymers as they approached the with latrunculin, to depolymerize actin. Latrunculin treatwound border ( Figure 3D ; see Experimental Procedures ment resulted in cessation of microtubule translocation for details). Finally, dual-label kymograph analysis retoward the wound (Figures 2A and 2B however, a regional effect with respect to assembly in that polymerization rates (after correction for flow) were Efforts to visualize dynamic microtubules by injection of fluorescent tubulin were unsuccessful (see Suppleinversely proportional to the distance from the wound ( Figure 4F ). Furthermore, the frequency of microtubule mental Data). We therefore generated and expressed a fusion of eGFP with a Xenopus oocyte ␣-tubulin isoform polymerization events and the position of the actin assembly zone were also correlated ( Figure 4G ), as ob-[31]. This construct (eGFP-Xtub) incorporated into meiotic spindles (see Supplemental Data) but only poorly served above for microtubule buckling events, suggesting that local microtubule assembly/disassembly incorporated into cortical microtubules, even after three days of expression. Remarkably, however, after wounding, might contribute to local actin assembly. Local microtubule assembly was not absolutely dependent on cortical eGFP-Xtub-labeled, dynamic microtubules formed in a zone restricted to the region around the wound borders flow because eGFP-Xtub-labeled microtubules accumulated around wounds in the presence of latrunculin, (Figures 4D and 4E ; Movies 10 and 11). These microtubules displayed assembly and disassembly rates similar although in contrast to controls, the arrays are not radial ( Figure 4H ). to those observed in other systems (Table 1) . Analysis of microtubule orientation, based on rapid assembly from the plus end, revealed that 20% of the dynamic microtubules were oriented with their plus ends facing Microtubules Control the Zone of Actin Assembly Around Wounds the wound (within a 90Њ arc), 50% were oriented with their minus ends facing the wound (within a 90Њ arc),
The spatial correlation between assembling and buckling microtubules and dynamic actin suggested that miand the remaining 30% were oriented perpendicular to the wound. However, these numbers necessarily uncrotubules might regulate the zone of actin assembly.
To test this idea, we injected oocytes with Oregon derreport microtubules with plus ends facing the wound because most plus end facing microtubules close to the Green-actin (OG-actin), preincubated them in nocodazole to disassemble microtubules, and then wounded wound would be pulled into the wound before assembly could be detected.
them. In nocodazole-treated cells, the zone of actin assembly was broader and less stable than in controls Microtubules polymerizing away from the wound border appeared to do so more slowly than those polymeriz-( Figure 5A ; Movies 12 and 13), suggesting that microtu-caused microtubules to form concentric arrays of bundles around the wound ( Figure 5B ). We also examined the effects of taxol treatment on the distribution of the Arp2/3 complex, which normally accumulates around wounds [24] . Taxol treatment significantly increased the width of the region occupied by p16, a conserved component of the Arp2/3 complex [32] ( Figure 6A) . Furthermore, taxol treatment also resulted in broadening or splitting of the zone of myosin recruitment around wounds ( Figure 6B) .
The observed defocusing of actin, p16, and myosin-2 from the wound edge suggested that taxol might inhibit closure of the actomyosin array by uncoupling the assembly zone from the contractile ring. To test this possibility, we injected oocytes with Oregon Green phalloidin, a marker for stable F-actin and the contractile ring, and AX-actin, a marker for the assembly zone [24], treated them with taxol, and then wounded them. In control oocytes, the assembly zone remained tightly associated with the contractile ring ( Figure 6C ; Movie 15). However, in taxol-treated oocytes, actin assembly was concentrated in the outer ring, 5-10 um displaced from the contractile ring ( Figure 6C ; Movie 16). Thus, microtubules coordinate the zone of assembly with the contractile ring around the wound edge.
Discussion
The results of this study demonstrate directly the exis- 18], but there is the obvious difference that in extracts, microtubule-dependent actin translocation was observed, whereas here actin-dependent microtubule bules focus the zone of actin polymerization around the wound edge. translocation was observed. The simplest explanation for this difference is that in extracts F-actin is unanTaxol pretreatment, which increases microtubule density and changes the organization of microtubules in chored, whereas in oocytes it is tightly integrated into the cortex [7] . The transport of microtubules by F-actin this system [7] , resulted in broadening of the actin array around wounds ( Figure 5B ) and/or formation of two rings also confirms recent studies of "tensegrity"; these studies show that experimental displacement of the actin of actin around wounds. The first of these bordered the wound edge, and the second formed a concentric ring cytoskeleton results in a corresponding displacement of microtubule-associated organelles [17]. 5-20 m distal to the first (Figures 5A and 5B; Movie 14) .
Analysis of fixed samples revealed that taxol treatment
Transport of microtubules by translocating F-actin also has important biochemical implications. Specifibules, which presumably promotes crosslinking of the two systems. As previously suggested [33], low-affinity cally, progressive alignment of F-actin and microtubules moving to the wound edge implies that, within the concrosslinking interactions between microtubules and F-actin may be biologically important because each text of a cell, the process of movement itself must be considered an important contributor to biochemical inpolymer has the potential to bind multiple crosslinkers. The existence of motility-dependent alignment further teractions between the two systems. That is, cortical flow promotes alignment of F-actin cables and microtuunderscores this notion, as well as its implication- ment of zones of actin and myosin-2 assembly. The initial assembly of actin and myosin-2 at the wound for review). However, the results here not only show that microtubules also control local actin assembly during border may be independent of microtubules because we have been unable to prevent it by nocodazole treatment; a contractile process, but they also demonstrate that microtubules control local recruitment of myosin-2 and however, it remains possible that more extreme measures to eliminate microtubules might likewise prevent the Arp2/3 complex. Furthermore, the results obtained after microtubule perturbation directly demonstrate the local actomyosin accumulation. Certainly, both intuition and the quantification of microtubule ends at wound importance of microtubule-dependent control of actin and myosin-2 assembly for the function of a contractile borders suggests that wounding itself generates numerous free microtubule ends that could promote microtustructure. Specifically, the zones of actin and myosin-2 assembly become spatially uncoupled from the contracbule assembly and thereby promote local actin assembly. tile ring at the wound edge after microtubule perturbation, showing that microtubules dictate where the conNext, myosin-based contractility drives cortical flow of stable F-actin to the wound [24]. The flowing F-actin tractile array is assembled by regulating local actin and myosin-2 assembly. The concentric rings of actin that is physically associated with microtubules and therefore transports them to the wound edge, where they are form after taxol treatment are particularly striking. The fact that the outer actin array moves away from the buckled and broken by actomyosin-based contractility. This increases the number of microtubule ends at the wound edge implies that it cannot simply be due to physical occlusion of array closure but instead argues wound border, which in turn keeps actin and myosin-2 assembly focused near the wound edge, where it is that microtubules control local actin and myosin assembly either via transport or via signaling interactions.
needed. The actomyosin-based transport of microtubules to the wound border is complemented by local Local microtubule assembly around wounds was completely unexpected because numerous previous microtubule assembly that is independently triggered by wounding. The net result is that as the contractile studies have shown that although microtubule polymerization in activated Xenopus eggs and egg extracts is ring moves forward, so do translocating and newlyassembled microtubules, ensuring that the zones of asrobust, polymerization in oocytes and oocyte extracts is virtually undetectable . To extend the analogy, because the present results demonstrate that microtubules conIt was previously suggested that the wound-healing system is particularly relevant to cytokinesis because trol local zones of actin and myosin-2 assembly around wounds, we propose that microtubules likewise control it entails rapid assembly of a transient, microtubule-Fixed-Cell Fluorescence Cells were fixed and stained for F-actin and myosin-2 as previously described [24] . Microtubules and p16 were labeled as described in the Supplemental Data.
Imaging, Image Processing, and Analysis 4D imaging was performed as previously described [24] with a Biorad 1024 confocal system on a Zeiss axiovert microscope and with the Lasersharp software. The details of this approach are described in the Supplemental Data, as are the details for image processing and analysis.
Quantification of Polymeric Tubulin and Microtubule Ends
Levels of oocyte microtubules were assessed by quantitative immunoblotting as previously described [7] and as discussed in detail in the Supplemental Data. For quantification of microtubule ends, 3D images of fixed samples were generated with the Volocity software (Improvision), and microtubule ends were quantified as described in the Supplemental Data.
Supplemental Data
Supplemental Experimental Procedures, as well as supplemental figures and movies, are available with this article online at http:// www.current-biology.com/content/supplemental.
